Abstract. Second malignant neoplasms (SMNs) are potentially life-threatening late sequelae of the adjuvant therapy for breast cancer (BC). The increased risk of SMNs is associated with adjuvant chemotherapy (development of secondary acute myeloid leukemia and myelodysplastic syndrome) and hormonal therapy (risk of uterine cancer secondary to tamoxifen treatment). Previous studies have demonstrated an increased risk of SMNs associated with alkylating agents, topoisomerase-II inhibitors, granulocyte-stimulating factors and estrogen receptor modulators. Furthermore, analytical investigations have demonstrated that BC patients may be at an increased risk of leukemia following chemotherapy. In addition, correlations between an increased dose of hormonal therapy and solid tumor risk have been identified. Considering the ongoing alterations in the treatment of BC, with respect to lowering the daily as well as the cumulative dose of chemotherapeutic agents, it is anticipated that leukemias will have a considerably lower impact on BC survivors in the future. However, diligent follow-up is required to accurately evaluate the long-term risks associated with chemotherapy.
Introduction
Breast cancer (BC) is one of the most frequently diagnosed types of cancer among females, accounting for 23% of the total cancer cases (1). Despite its high incidence, the mortality rate of BC is low (15%), with a growing number of long-term survivors due to early diagnosis and the increasing use of adjuvant therapy (2, 3) . The current relative survival rates for all types of BC combined was reported to be 88.8% at 5 years (79.5% at 10 years) for Caucasian females, but only 75.3% at 5 years (63.9% at 10 years) for females of African descent (4) . Second malignant neoplasms (SMNs) are one of the most serious and life-threatening late adverse effects experienced by the growing number of BC survivors worldwide. The risk of SMNs is associated with adjuvant therapy, including chemotherapy, which has been particularly linked to the development of secondary acute myeloid leukemia (AML) and myelodysplastic syndrome (MDS), and hormonal therapy, with an increased risk of uterine cancer secondary to tamoxifen treatment. A previous study reported that the overall risk of developing second malignancies was increased by 18% among 322,863 females diagnosed with primary BC between 1973 and 2000 [observed̸expected (O̸E) = 1.18; O=34,500; excessive absolute risk = 23 per 10,000 person-years] (4).
Overview of adjuvant therapy
The use of adjuvant therapy for BC has evolved, due to extensive investigations and clinical research that have contributed to the understanding of the complexity of breast tumors. Adjuvant systemic therapies include chemotherapy, endocrine therapy and human epidermal growth factor receptor 2 (HER2)-directed therapies.
Chemotherapy. Adjuvant chemotherapy has been applied to eradicate local or distant residual microscopic metastatic disease, with potentially curative effects. By the year 2000, the National Institutes of Health Consensus Development Conference on adjuvant therapy for BC recommended that adjuvant chemotherapy be considered for nearly all patients with tumors ≥1 cm (5) . Indeed, adjuvant chemotherapy has been routinely used in oncology practice for almost all patients, with the exception of those with small, node-negative and well-differentiated cancers (6) .
Over the past few decades, adjuvant chemotherapy for BC has undergone major changes, expanding from the classical cyclophosphamide, methotrexate and 5-fluorouracil (CMF) regimen used in the 1970s, to anthracycline-containing regimens in the 1990s, to the recent incorporation of taxanes (paclitaxel and docetaxel) into anthracycline-based regimens (7) (8) (9) (10) for the treatment of node-positive or even lower-risk patients. In 1976, Bonadonna et al (11) reported the efficacy of CMF as an adjuvant treatment for patients with node-positive BC. In the mid-1980s, anthracyclines were included in clinical trials. During the 1990s, the administration of 6 cycles of a three-drug anthracycline-containing combination became the standard of care in adjuvant chemotherapy (12, 13) . The antineoplastic activity of taxanes appears to be associated with their ability to promote microtubular assembly and inhibit microtubular disassembly. In the early 1990s, taxanes (paclitaxel and docetaxel) exhibited potent antitumor efficacy in advanced BC and received approval for inclusion in adjuvant chemotherapy trials. Taxane-and anthracycline-containing regimens are currently the standard adjuvant therapies used for lymph node-positive and possibly high-risk lymph node-negative BC patients. An increasing number of females receiving adjuvant chemotherapy for BC also receive granulocyte-stimulating factors to reduce the myelosuppressive effects of dose-intense chemotherapy.
Endocrine therapy. Adjuvant hormone therapy for BC emerged following the identification of the estrogen receptor (ER) in the 1960s and is currently considered a standard treatment for all patients with endocrine-sensitive tumors, as determined by the expression of ER and progesterone receptor by immunohistochemistry. Tamoxifen has been the drug of choice for several years and is used in pre-and postmenopausal females with BC (14) . However, in premenopausal females, tamoxifen remains the only endocrine agent approved by the Food and Drug Administration (FDA) for use in the adjuvant setting. The effectiveness of tamoxifen, a selective estrogen receptor modulator (SERM), in blocking the growth of ER-positive cancer cells was demonstrated by previous clinical trials (15, 16) , with 5 years of tamoxifen being considered the gold standard of hormonal therapy for BC over the last 30 years.
Furthermore, anastrozole was approved in 1996 for the treatment of metastatic endocrine-sensitive BC. Aromatase inhibitors (AIs) are not used in premenopausal females, as oestrogen is produced in the ovaries until menopause and by the adrenal glands after menopause; as AIs target the adrenal gland-produced oestrogens, their use premenopausally would be of no benefit. Current guidelines recommend incorporating AIs either as primary (initial) therapy, as sequential treatment (after 2-3 years of tamoxifen) or in the extended adjuvent setting (after 5 years of tamoxifen) in postmenopausal women with HR-positive breast cancer (17) . If a female patient becomes postmenopausal during the treatment, it may be necessary to consider extended adjuvant therapy with an AI for an additional 5 years.
HER2-directed therapies.
Currently FDA-approved HER2-targeted agents, including trastuzumab, lapatinib, pertuzumab and trastuzumab-emtansine (T-DM1), to be refractory. Trastuzumab is a humanized monoclonal antibody directed against the extracellular domain of the HER2 receptor, which prevents ligand-independent HER2 signaling and was introduced in the treatment of HER2-positive metastatic BC following approval by the FDA in 1998 (18) .
Lapatinib is a dual epidermal growth factor receptor̸ErbB2 reversible tyrosine kinase inhibitor (blocking HER1 and HER2), which suppresses the downstream signaling of the mitogen-activated protein kinase̸extracellular signal-regulated kinase 1̸2 and the phosphatidylinositol 3-kinase̸Akt pathways. Lapatinib was approved for BC based on a previous study published by Geyer et al (19) , which demonstrated that lapatinib plus capecitabine was superior to capecitabine alone for the treatment of females with HER2-positive advanced BC who exhibited disease progression following treatment with regimens that included trastuzumab and chemotherapeutic agents.
Pertuzumab is a monoclonal antibody, which blocks the heterodimerization of HER2 with HER3 by interfering with the ligand-dependent HER3-mediated signaling (20) .
T-DM1, which was approved in February, 2013 is an immunoconjugate agent combining trastuzumab with an antimicrotubule cytotoxic chemotherapeutic agent linked by a covalent bond.
Novel HER2-directed agents include pazopanib, afatinib and neratinib. Pazopanib is a selective multitargeted receptor tyrosine kinase inhibitor of vascular endothelial growth factor receptors 1, 2 and 3, platelet-derived growth factor receptor α̸β and cytokine receptor c-kit, which blocks tumor growth and inhibits angiogenesis. Afatinib and neratinib are irreversible binders of the HER receptors (HER1, HER2 and HER3) (20) . (21) reported that the absolute risk of developing AML 10 years after any adjuvant chemotherapy for BC was 1.8 vs. 1.2% for females who had not received chemotherapy. The adjusted hazard ratio (HR) for AML with adjuvant chemotherapy vs. no chemotherapy was 1.53 [95% confidence interval (CI): 1.14-2.06]. The association of alkylating chemotherapy and topoisomerase-II inhibitor-based chemotherapy with the risk of developing acute leukemia have been well-established (22, 23) .
Second malignant neoplasms
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Melphalan-based chemotherapy, which was mainly used in the 1970s, is known to be highly leukemogenic (24) . The risk of developing therapy-related myeloid neoplasms in patients treated with melphalan was reported to be higher by 10-fold compared with that of patients who received cyclophosphamide (24). Fisher et al (25) reported that the 10-year cumulative risk of AML was increased in patients treated with surgery followed by melphalan-based chemotherapy, compared to those treated with surgery alone (1.29 vs. 0.27%, respectively).
The issue of the leukemogenic potential of cyclophosphamide emerged in the following years. Only a negligible or small increase in risk was reported following a standard dose of CMF chemotherapy (7, 24) . However, a highly significant correlation between the increasing cumulative dose of cyclophosphamide and the risk of leukemia was reported. The risk for developing AML̸MDS in patients with early-stage BC who had been treated with adjuvant chemotherapy containing standard dose cyclophosphamide was shown to be higher compared to that in the general population (7, 26) .
AML associated with alkylating agents, often classified as M1 or M2 with abnormalities in chromosomes 5 and 7, typically develops 5 years after the initial treatment and has a poor prognosis. By contrast, AML associated with topoisomerase-II inhibitors commonly develops within 5 years of therapy and is frequently associated with 11q23 cytogenetic abnormality (27) .
Cyclophosphamide-anthracycline-based regimens, which have been widely used over the last few years, may be associated with a higher risk of leukemia; however, in absolute terms, the risk appears low when standard doses are administered (cumulative incidence of <0.5% at 8-10 years) (28) . The French Adjuvant Study Group reported that, irrespective of the dose, the incidence of secondary leukemia following adjuvant epirubicin-based chemotherapy was low (8) . After 9 years, the risk of developing leukemia was 0.34% (95% CI: 0.11-0.57) in epirubicin-exposed patients. Furthermore, Smith et al (28) performed a combined analysis of six adjuvant studies conducted by the National Surgical Adjuvant Breast and Bowel Project group, using regimens containing doxorubicin and cyclophosphamide. That study reported a 5-year incidence of AML of 0.3-1.2%, with an increased risk for greater dose intensity. However, at least two reports from the clinical trial series indicated that the risk of leukemia may rise sharply with more intensive, higher-dose chemotherapy regimens (28) (29) (30) , indicating that these patients must be closely monitored for the late effects of therapy. In addition, patients treated with standard cumulative doses of adjuvant epirubicin (≤720 mg̸m 2 ) and cyclophosphamide (≤6,300 mg̸m 2 ) for early BC have a lower probability of secondary leukemia compared to patients treated with higher cumulative doses (29) . In order to assess the risk of developing AML and MDS following exposure to epirubicin-based regimens, Praga et al (29) reviewed a total of 7,110 patients treated with epirubicin and cyclophosphamide in 19 randomized clinical trials in 2005. Patients who were administered cumulative doses of epirubicin and cyclophosphamide not exceeding those used in standard regimens (≤720 and ≤6,300 mg̸m 2 , respectively) had an 8-year cumulative probability of developing AML̸MDS of 0.37% (95% CI: 0.13-0.61) compared to 4.97% (95% CI: 2.06-7.87) for patients who received higher cumulative doses of epirubicin and cyclophosphamide. The significance of dose intensity was also confirmed with the 'intense dose-dense' regimen comprising epirubicin, paclitaxel and cyclophosphamide every 2 weeks. This regimen proved more effective compared to the standard regimen of epirubicin̸cyclophosphamide and improved event-free and overall survival; however, it was also more toxic, leading to four cases (0.6% of the patients) with therapy-related AML̸MDS (30) . Therefore, the increased risk of secondary leukemia must be considered when assessing the potential benefits of higher compared to standard doses.
A dose-dependent increase in the risk of leukemia was observed in females treated with mitoxantrone (31) . A large case-control study demonstrated that the risk of AML̸MDS was increased following topoisomerase-II inhibitor-based chemotherapy, with the risk of leukemia being higher for mitoxantrone-based compared to anthracycline-based chemotherapy (23) . The Cox regression analysis revealed that the risk of leukemia was significantly lower in patients treated with anthracyclines compared to that in patients treated with mitoxantrone at cumulative doses of >13 mg̸m 2 (31) . As regards taxanes, a Surveillance, Epidemiology and End Results (SEER) database analysis (21) and data from large adjuvant trials did not demonstrate an increased risk of leukemia following the administration of paclitaxel or docetaxel (32) (33) (34) . A 7-year follow-up of a trial comparing doxorubicin/cyclophosphamide (AC) with docetaxel̸cyclophosphamide (TC) treatment in patients with early BC, reported no secondary leukemia in the TC arm, compared to 2 cases among 510 patients (0.4%) in the AC arm (32) . A three-arm study comparing the Canadian CEF regimen (cyclophosphamide 75 mg̸m 2 , days 1-14; epirubicin 60 mg̸m 2 , days 1 and 8; and 4-fluorouracil 500 mg̸m 2 , days 1 and 8) to 2-weekly dose-dense EC (epirubicin 120 mg̸m 2 , day 1; and cyclophosphamide 830 mg̸m 2 , day 1) followed by paclitaxel (175 mg̸m 2 , day 1) and to 3-weekly AC followed by paclitaxel, demonstrated that 0.5% of the patients in the first two arms developed AML (34), which is mainly attributed to the high cumulative dose of epirubicin. However, no secondary leukemia was diagnosed in patients randomly assigned to the AC/paclitaxel arm.
The leukemogenic effect of granulocyte colony-stimulating factor (G-CSF) remains a subject of considerable controversy. An analysis of the SEER-medicare population-based database, including 5,510 females with BC treated with adjuvant chemotherapy, indicated that the addition of G-CSF was associated with a doubling of the risk of subsequent AML or MDS when compared to chemotherapy alone, even if the absolute risk remained low (35) . Similarly, in another study, patients receiving G-CSF support exhibited an increased risk of AML̸MDS (relative risk = 6.3; 95% CI: 1.9-21), even when controlling for chemotherapeutic doses (23) . By contrast, Patt et al (21) did not identify an increased risk of AML in elderly (>65 years) BC patients who received G-CSF in the first years following diagnosis as part of the adjuvant therapy. In the Cancer and Leukemia Group B 9741 phase III trial, the patients received dose-dense regimens plus filgrastim support, but exhibited no increased risk of developing AML or MDS compared to those treated with the same conventional regimen without G-CSF (36) . More recently, treatment with rituximab as high-dose therapy with autologous stem-cell transplantation for lymphoma has been implicated as a possible risk factor for the subsequent development of solid tumors (37) .
Risks following hormonal therapy. Solid cancers.
There is increasing evidence that adjuvant treatment affects the risk of developing contralateral breast cancer (CBC). However, adjuvant hormonal therapy was found to considerably reduce the risk of CBC (15, 38, 39) . A meta-analysis by the Early Breast Cancer Trialists' Collaborative Group reported that tamoxifen administration for 2 or 5 years resulted in proportional reductions of the incidence of CBC of 26 and 47%, respectively (15) . Furthermore, a population-based study demonstrated that adjuvant hormonal therapy [HR=0.58; 95% CI: 0.48-0.69] was associated with a markedly decreased CBC risk (40) . Adjuvant hormonal therapy reduces the risk of CBC in BC survivors, but preliminary data indicated that it may also increase the risk of hormone receptor-negative contralateral tumors. A population-based nested case-control study indicated that, compared with females not treated with hormonal therapy, users of adjuvant tamoxifen for ≥5 years exhibited a reduced risk of ER+CBC [odds ratio (OR)= 0.4, 95% CI: 0.3-0.7], but also exhibited a 4.4-fold (95% CI: .03-19.0) increased risk of ER-CBC (41) . Furthermore, that study reported a significant time-dependent phenomenon, that tamoxifen use for <5 years was not associated with ER-CBC risk. Recent data suggested that AIs may be even more effective in reducing CBC (42) (43) (44) .
Various studies revealed that tamoxifen causes endometrial cancer (15, 38, 39, 43) , with a significantly higher risk for tamoxifen-related uterine sarcomas, with a positive correlation between risk and increased duration of tamoxifen use (39, (45) (46) (47) . In a case-control study, tamoxifen treatment, compared to no treatment, was associated with an increased risk of endometrial cancer (OR=2.4; 95% CI: 1.8-3.0). The risk increased significantly (P<0.001) with the duration of treatment (for ≥5 years of treatment compared to no treatment, OR=3.6, 95% CI: 2.6-4.8) (39). Curtis et al (45) evaluated data from 39,451 patients diagnosed with BC between 1980 and 2000, who were initially treated with tamoxifen, and observed that the overall risk of subsequent uterine corpus cancer was increased by >2-fold (O̸E 2.17, 95% CI: 1.95-2.41) compared to the general SEER population. Similarly, using Cancer Registry data, Kamigaki and Kawakami (48) revealed that the incidence rate ratio of corpus uteri cancer associated with hormonal therapy was 2.53 (95% CI: 1.41-4.55). Yadav et al (49) found that there was a significantly higher incidence of endometrial and ovarian cancer in patients treated with adjuvant hormonal therapy (5.2%) compared to patients not administered hormonal therapy (1.8%, P=0.002). The risk of endometrial cancer adjusted for treatment duration did not diminish in ≥5 years after the last treatment ended (39) . The risk of endometrial cancer was not associated with the daily dose of tamoxifen and was comparable in pre-and postmenopausal females (39) . The increased risk was found to occur predominantly among females aged ≥50 years (38) and treatment duration may affect the magnitude of the risk (50) .
Other SERMs, such as raloxifene and toremifene, may be safer for the uterus and a lower risk of endometrial cancer was reported (50) (51) (52) (53) . At the first interim analysis on 899 out of 1,489 accrued patients following a median follow-up of 3.4 years, two cases of endometrial cancer were observed in the tamoxifen arm and none in the toremifene arm (50) . By contrast, the first International Breast Cancer Study Group (IBCSG) study comparing toremifene and tamoxifen (IBCSG Trials 12-93 and 14-93) as adjuvant hormonal treatments for early BC, reported a similar incidence of second primary cancer with the two agents after a median follow-up of 5.5 years, with no significant difference in the incidence of endometrial cancer (54) .
Previous studies indicated that the tamoxifen-related risk of uterine corpus cancer may be particularly high for certain uncommon cell types, although the magnitude of risk has not been determined (39, 45) . Treatment with tamoxifen was associated with a significantly higher risk of Müllerian and mesodermal-mixed endometrial tumors (OR=13.5, 95% CI: 4.1-44.5) compared to that of adenocarcinoma (OR=2.1, 95% CI: 1.6-2.7) or clear cell and papillary serous tumors (OR=3.1, 95% CI: 0.8-17.9) (39) . In another study using data from nine population-based cancer registries in the SEER Program, the relative risk was substantially higher for malignant mixed Müllerian tumors (MMMTs) (O̸E=4.62, O=34,95% 95% CI: 3.20-6.46) compared to that for endometrial adenocarcinomas (O̸E=2.07, O=306, 95% CI: 1.85-2.32), although the excess absolute risk was smaller, an additional 1.4 vs. 8.4 cancers per 10,000 females per year, respectively (45) . Among those who survived for ≥5 years, there was an 8-fold relative risk for MMMTs and a 2.3-fold risk for endometrial adenocarcinomas, with patients who developed MMMTs exhibiting a worse prognosis (45) .
Patients with endometrial cancer secondary to BC who received tamoxifen treatment for BC for 5 years, exhibited a higher endometrial cancer mortality risk compared to those who did not receive tamoxifen (HR=1.59, 95% CI: 1.13-2.25) (53). This may be attributed to the non-endometrioid histological subtypes with a poorer prognosis among long-term tamoxifen users (39, 45, 55) . However, there have been studies which indicated that the incidence of endometrial abnormalities and their clinicopathological characteristics were independent of tamoxifen use (56) . In a recent retrospective study that investigated whether the incidence of endometrial abnormalities and their clinicopathological characteristics were affected by receiving tamoxifen, non-steroidal AIs or no treatment, Le Donne et al (56) reported cancer in 3.8% of the cases in the tamoxifen group and 11.1% of the cases in the no treatment group. Slomovitz et al (57) reported that females who developed endometrial cancer following a diagnosis of BC were at an increased risk of developing the high-risk histological subtypes, independent of tamoxifen use. No significant differences were identified in the clinical or pathological characteristics of endometrial cancer between tamoxifen users and non-users. Fles et al (58) demonstrated that tumors (all subtypes), which had developed following prolonged use of tamoxifen, were not distinguishable from those of non-users on the basis of their genomic profile.
Antiestrogen therapy was shown to modify the risk of melanoma after BC (59) . Compared with the general population, the risk of melanoma was higher for patients who did not receive antiestrogens [standardized incidence ratio (SIR): 1.60, 95% CI: 1.08-2.12, P= 0.02]. By contrast, the risk was close to 1 (SIR= 0.98, 95% CI: 0.40-1.56, P= 0.57) for patients who received antiestrogen therapy (59) .
HER2-directed therapies have significantly altered the prognosis of HER2-positive breast cancers. However, due to the limited time they have been used and since they are not fully utilized in the clinical setting, there is currently no available study reporting an increased risk of second primary malignancies among BC patients treated with HER2 directed therapies.
Conclusion
The improvements regarding the early detection of BC and adjuvant therapy have contributed to the increased number of BC survivors. However, an increased risk of subsequent malignancies following treatment with alkylating agents and topoisomerase-II inhibitors among cancer survivors is well-established, with chemotherapy being linked particularly to the development of secondary AML and MDS and hormonal therapy to the risk of uterine cancer secondary to tamoxifen. Although the absolute risk is low, careful documentation of the magnitude and temporal pattern of these site-specific excess risk, as well as delineation of the contribution of treatment exposure and other factors, may facilitate the development of optimal follow-up plans. We should consider that the benefits associated with a number of cancer treatments significantly outweigh the risk of adverse effects. Furthermore, the untoward sequelae of cancer and its therapy may reflect not only the effects of treatment, but also the effect of shared etiological factors, environmental exposure, host characteristics, patient comorbidities, underlying hepatic and renal function, lifestyle factors and the combination of these effects.
